A large number of non-native English speakers may be found in American classrooms, both as listeners and talkers. Little is known about how this population comprehends speech in realistic adverse acoustical conditions. A study was conducted to investigate the effects of background noise level (BNL), reverberation time (RT), and talker foreign accent on native and non-native listeners' speech comprehension, while controlling for English language abilities. A total of 115 adult listeners completed comprehension tasks under 15 acoustic conditions: three BNLs (RC-30, RC-40, and RC-50) and five RTs (from 0.4 to 1.2 s). Fifty-six listeners were tested with speech from native English-speaking talkers and 59 with native Mandarin-Chinese-speaking talkers. Results show that, while higher BNLs were generally more detrimental to listeners with lower English proficiency, all listeners experienced significant comprehension deficits above RC-40 with native English talkers. This limit was lower (i.e., above RC-30), however, with Chinese talkers. For reverberation, nonnative listeners as a group performed best with RT up to 0.6 s, while native listeners performed equally well up to 1.2 s. A matched foreign accent benefit has also been identified, where the negative impact of higher reverberation does not exist for non-native listeners who share the talker's native language.
I. INTRODUCTION
Clear communication is the key to successful learning in classroom settings. ANSI S12.60 (2010) provides design recommendations for background noise level (BNL) and reverberation time (RT) in unoccupied classrooms to ensure good speech intelligibility in core learning spaces, based on optimizing the signal-to-noise ratio (SNR) . 1 The majority of the work that ANSI S12.60 references, however, is focused on native English speakers and listeners; this paper seeks to understand how BNL, RT, and talker foreign accent can impact speech comprehension performance by native versus non-native 2 English-speaking listeners. Research studies have shown repeatedly that mechanical equipment for a building's heating, ventilating, and airconditioning (HVAC) system is a major source of background noise that negatively affects students' academic achievement (Nelson and Soli, 2000; Knecht et al., 2002; Nelson et al., 2005) . Wang (2010, 2013 ) studied such impact using in situ data and predicted that, with a 1 dBA increase in the unoccupied BNL due to HVAC equipment, the standardized reading comprehension accuracy score may decrease by approximately 1.6% for both second and fourth grade students.
While excessive BNL is unanimously regarded as impairing speech perception, there is less agreement on the role of reverberation, particularly in the lower range of less than 1.0 s RT. RT is defined as the time it takes for sound energy to decay 60 dB in an enclosed space, and is dependent on both the room volume and amount of sound absorption in the room. Hodgson and Nosal (2002) calculated the optimal RTs to be less than 0.3 s in order to achieve SNRs above þ20 dB for classrooms between 300 and 500 m 3 . In contrast, Bradley and colleagues (1999 Bradley and colleagues ( , 2003 Bradley and colleagues ( , 2008 Bradley and colleagues ( , 2009 argue that early reflections are critical in reinforcing and supporting the directly arriving sound, providing useful sound energy for listeners to resolve auditory information. It was further shown that speech intelligibility performances were at maximum for both adults and children of different ages when RT was at approximately 0.6 s (Yang and Bradley, 2009) .
The difficulty in studying the effect of reverberation was recognized by Beaman and Holt (2007) who predicted that, in order to provide statistically significant results (based on an a priori statistical power of 0.8), the sample size necessary to study a small difference in RT of less than 0.2 s was as large as 100 participants in a between-subject design. Recent studies on the effect of reverberation have mainly focused on investigating a much larger RT difference of over 0.5 s, though. Ljung and Kjellberg (2009) found that participants performed more poorly and reported investing more effort during recall tasks under 1.2 s than 0.5 s of RT. A study by Klatte et al. (2010) using simulated virtual rooms showed that the accuracy of speech perception from word recall tasks was significantly lower under 1.1 s than 0.5 s of RT, for both adults and children in first and third grades. In particular, the main effect of RT had a large calculated effect size in g 2 p of 0.36. A similar effect size of RT was also realized in research by Valente et al. (2012) , who tested 8 -and 11-yr-old children and adults under two RT conditions of 0.6 and 1.5 s. The main effect of RT was reported in Pearson's r of 0.53, which is equivalent to g 2 p of 0.31. There is much support in the existing literature for the RT in classrooms to be less than 1.0 s to facilitate speech intelligibility, but more investigations using smaller intervals of RT in the test design are needed. In the research presented here, five RT scenarios between 0.4 and 1.2 s in approximately equivalent intervals have been simulated and crossed with three BNL conditions of Room Criteria RC-30, RC-40, and RC-50 to create a total of 15 within-subject acoustic combinations. Room Criteria is a method for rating interior noise based on measured octave-band BNLs, as described in ANSI S12. 2-2008 (2008) .
In addition to investigating a range of RT and BNL, an innovative testing paradigm has been developed and utilized in this investigation to measure speech comprehension performance instead of speech intelligibility or recognition. Prior investigations on classroom acoustics have primarily used speech intelligibility or recognition tasks. These tasks involve short speech stimuli, such as vowels, syllables, words, or single sentences, and measure accuracy performance by calculating the percent of target stimuli correctly identified. In this paper, the testing paradigm measures comprehension performance using longer speech stimuli, requiring more complex cognitive processing in that participants must derive meaning rather than simply repeating the stimulus itself. Comprehension tasks with longer speech stimuli also mimic realistic classroom activities more accurately, as students are asked to do more than simply repeat back the speech stimuli produced by teachers. Klatte et al. (2010) and Valente et al. (2012) utilized both speech intelligibility and speech comprehension tasks in their investigations. Although no direct comparisons were conducted, results from these two studies implied that background noise and reverberation were more detrimental to speech comprehension performance than speech intelligibility. When studying the effect of foreign accent, Munro and Derwing (1995) noted that listeners might consider accented speech highly comprehensible while in fact performing poorly on intelligibility when transcribing the speech. Based on these previous findings and the authors' intent to simulate realistic classroom activities, speech comprehension tasks were chosen over intelligibility tasks for this investigation.
As mentioned earlier, recommendations for RT and BNL in the current classroom acoustics standard ANSI S12.60 (2010) are primarily based on results from speech intelligibility studies using native listeners perceiving speech materials produced by native English speakers. However, a recent Institute of Education Sciences survey showed that 21% of students in the U.S. aged 5-17 (or 10.9 Â 10 6 students) speak a language other than English at home (Aud et al., 2010) . The population of non-native English-speakers in university classrooms is expected to be similar if not larger, as the U.S. continues to be the most popular destination for international students (Institute for International Education, 2012). In addition, the population of non-native speakers among university instructors in the fields of science, technology, engineering, and mathematics continues to increase, accounting for 19% of instructors in psychology and 54% in engineering from a recent survey (National Science Board, 2012) . To date, speech perception and production by this non-native population under realistic adverse acoustic conditions is not widely understood and consequently is not well-considered in the current design of spaces for speech communication.
Non-native listeners have been found to perform worse than native listeners on speech recognition tasks under extremely adverse listening conditions, not commonly found in the built environment. A number of speech intelligibility studies specifically compared native and non-native listeners' performances on recognition tasks by varying SNRs (mostly below 0 dB) and using white noise or speech-shaped noise as the masker. The stimuli used in the recognition tasks varied between different levels of phonological units including vowels and consonants, words (Rogers et al., 2006; Bent et al., 2010) , and sentences (Bradlow and Bent, 2002; Bradlow and Alexander, 2007) .
Research involving non-native English talkers has shown that native listeners perform more poorly in understanding foreign-accented speech, compared to speech from native talkers, under the presence of babble noise or reduced SNR (Munro, 1998; Rogers et al., 2004) . Another study on non-native speakers found that those who are immersed in English-speaking communities later in life tend to have foreign accents when speaking English that persist throughout their lifetime (Flege et al., 1999) .
A finding of particular interest to this investigation is that non-native listeners may have an interlanguage speech intelligibility benefit in perceiving foreign-accented speech from non-native talkers, with whom they share the same native language, than speech from native talkers (Bent and Bradlow, 2003; Imai et al., 2003; Wang and van Heuven, 2015) . The non-native listeners achieve better speech intelligibility performance with the matched non-native talker than with a native talker. Such phenomenon has not been studied extensively in the presence of noise or reverberation, though.
Based on the aforementioned considerations, the current project aims to answer the following research questions:
(1) What are the effects of BNL and RT on English speech comprehension, after accounting for an individual's English language abilities? (2) How does a foreign accent affect speech comprehension under adverse acoustic conditions (BNL and RT)? (3) How do BNL and RT affect speech comprehension for native and non-native listeners?
Fifty-six normal-hearing adults containing both native and non-native listeners underwent testing with speech comprehension from native talkers. Another 59 listeners were tested with the same speech materials produced by nonnative talkers, whose native language is Mandarin Chinese. Other aspects of the methodology and procedure were the same for all tested listeners and are presented in Sec. II.
II. METHODOLOGY
A. Experimental design
Acoustic stimuli
All speech comprehension experiments were conducted in the listening chamber at the University of Nebraska. The listening chamber uses a room-in-room design with additional absorptive material introduced to the interior to further reduce the ambient RT to a T 20 of 0.22 s, averaged across 500-2000 Hz, as measured at the listener position. The ambient BNL of the listening chamber is RC-28 hissy.
To expand beyond research conducted by Klatte et al. (2010;  2 noise-type Â 2 SNR) and Valente et al. (2012;  2 SNR Â 2 RT), a wider range of acoustic conditions was utilized for this study. A total of 15 acoustic conditions were created from combinations of three levels of BNL (RC-30, RC-40, and RC-50; corresponding to a SNR of þ21, þ11, and þ1 dB, respectively) and five RT scenarios (0.4 to 1.2 s).
Background noise was introduced via a subwoofer in the corner of the chamber and a ceiling panel loudspeaker integrated behind an acoustical panel directly above the listener position. To calibrate the test signals, pink noise was first introduced then digitally filtered to create three conditions of BNL that optimally followed the Room Criteria neutral contours of RC-30, RC-40, and RC-50. The steady-state sound pressure levels in octave bands for the three BNL conditions were measured at the listener position, as seen in Fig.  1 ; the RC-30 condition was slightly hissy due to ambient conditions at the 4000 Hz octave band. During each main experiment testing session, one of the BNL test signals in WAV format was played back continuously.
The RT scenarios used binaural room impulse responses (BRIRs) simulated from a typical classroom of 260 m 3 in the room acoustics modeling program ODEON (Lyngby, Denmark) (version 10). The RT scenarios were varied by combining different ceiling materials with 25-mm acoustical wall panels (NRC 0.70), applied full height on the side and back walls with uniformly scaled absorption coefficients. The BRIRs for the simulated RT scenarios were exported from ODEON using the "2D Surround Sound" option, which supported auralization playback via loudspeakers, after adjusting for the distances between the two-channel loudspeakers [Yamaha (Buena Park, CA) HS-50] and the receiver position in the listening chamber. Since the listening chamber was not anechoic, the actual RTs measured at the listener position differed slightly from the simulated RTs and are reported in Fig.  2 across octave band frequencies.
The BRIRs were then digitally convolved in MATLAB with aurally dry speech comprehension materials (discussed further in Sec. II A 2) for playback to listeners during the main experiment. All convolved speech comprehension materials were calibrated at the listener position to playback at 59 dBA (62 dB, re 20 lPa), across all RT scenarios. The resulting SNR, speech intelligibility index (SII), and speech transmission index (STI) 3 are shown in Table I . The test conditions span a wide range of acoustic conditions as may be found in real classrooms. (Chujo and Oghigian, 2009 ). The content in the TOEIC test materials covered daily life events using a simple vocabulary that was expected to be understood easily by all non-native listeners who participated in this research. These test items were recorded by native English speakers (one male and four females) in an anechoic chamber and again by two native speakers of Mandarin Chinese using a closely aligned microphone in a soundattenuated booth. The test items recorded with the native English speakers were later screened by five native listeners, when played back under the ambient condition in the listening chamber, to ensure equivalent difficulty across the 15 test sets. The non-native speakers were one male and one female, who shared a similar degree of accentedness in their spoken English, as screened by the specific skill areas of fluency and pronunciation in the Versant Test (Pearson, 2008) .The female Chinese talker received a standardized t-score of 55 on fluency and 52 on pronunciation, whereas the male Chinese talker scored 58 and 53, respectively. All talkers were instructed to speak with normal vocal effort and at their normal conversational speed. The speech rate in syllables per second for the native English speakers was calculated to be 5.3 for the male talker and between 3.4 and 5.0 for the four female talkers. The speech rates of the Mandarin Chinese talkers were similar, calculated to be 5.1 for the male talker and 4.0 for the female talker. These speech materials were recorded with a sampling frequency of 44.1 kHz and 16-bit resolution. Each speech comprehension test set contained four tasks: (1) photograph recognition, in which participants were asked to identify one of the four spoken sentences that matched the photograph displayed on the computer screen; (2) question and response, in which they needed to identify one of the four spoken sentences that best responded to the spoken question; (3) conversation, in which they listened to conversations exchanged between a male talker and a female talker and had to answer spoken questions related to the content with answer options displayed on the computer screen; and (4) paragraph, in which they listened to short paragraphs produced by a single talker and answered questions pertinent to the material. Each test set lasted no more than 15 min and contained 32 multiple-choice items, with performance recorded in percent correct based on accuracy. Each test set was randomly paired with one of the 15 acoustic conditions for each listener; checks were conducted to confirm that the probability of each test set to appear in any serial position during the main experiment was approximately the same across all participants. A custom-made program written in C# was used to present visual prompts and audio for the speech comprehension tests.
Composite scale of English proficiency
Conceptually, speech comprehension performance relies heavily on one's target language abilities. An individual's English language abilities can confound speech comprehension performance in acoustic environments, and hence must be controlled in the statistical analysis to better understand the genuine effects of room acoustics. During initial screening, all participants were individually given three tests to establish their English language abilities, both in the cognitive and linguistic domains; these included oral comprehension (Woodcock et al., 2001a) , listening span (Woodcock et al., 2001b) , and verbal abilities using the English portion of the Bilingual Verbal Ability Tests (Muñoz-Sandoval et al., 1998) . Longer speech stimuli were used in this investigation to gauge speech comprehension. A listening span test was included since previous research has shown that listening span affects reading comprehension, which shares similar cognitive processes with speech comprehension (Daneman and Carpenter, 1980) . Both the listening span and oral comprehension tests involved spoken materials. The materials were recorded by a female native English speaker in a sound-attenuated booth with a closely aligned microphone and played back for participants during their initial screen via headphones [Sennheiser (Wedemark, Germany) HD 497]. Participants were encouraged to choose a comfortable listening level of L eq between 65 and 68 dBA (re 20 lPa) with L max between 70 and 75 dBA (re 20 lPa).
The three tests were used to form a composite scale to measure each individual participant's overall English language abilities, referred to in the remainder of this manuscript as an English proficiency level. The raw scores from each test were first verified to conform to normality before being converted into standardized z-scores. The composite score was then calculated by taking the mean of the z-scores of the three English language ability tests. The composite scale achieved a high internal consistency with a Cronbach's a of 0.94. More information on the tests used for scoring English proficiency may be found in Peng (2014) .
B. General procedure
After providing written consent, each participant was asked to complete an initial screening which lasted a maximum of 2 h; this screening included an orientation, a hearing screening, a demographic survey, and the three English language tests. All participants were screened for hearing thresholds below 25 dB hearing level on both ears from 125 to 8000 Hz. Participants were also asked to complete items adopted from the Language Experience and Proficiency Questionnaire [LEAP-Q (Marian et al., 2007) ] to provide data on individual language experience in English. Once they passed the initial screening, participants were invited back for six one-hour long sessions on separate days for the main experiment.
A dual-task paradigm was used in the main experiment with speech comprehension tests as the primary task and an adaptive pursuit rotor (APR) task as the secondary task. The secondary APR task was added to minimize the likelihood of participants achieving 100% accuracy on the speech comprehension tests. The participants viewed two computer screens, the upper of which showed the graphical user interface for the speech comprehension tests and the lower of which showed the APR task. The APR task required that participants trace a dot as it continuously rotated around a fixed circle, using a stylus on a touchpad controlled by their dominant hand. The dot's speed changed adaptively so that participants would remain approximately 80% on target, and was recorded as an outcome variable (Srinivasan, 2010) . A keypad was used by the participants to enter responses for the speech comprehension tests with their non-dominant hand.
Each main experiment session consisted of three speech comprehension test sets, corresponding to testing for three acoustic conditions. From the authors' previous experience, participants tend to be more conscious of the environmental change from varying BNL within a test session. To reduce participants' sensitivity toward the experimental design, the three tests in each hour-long session contained the same BNL condition but with varying RT embedded in the speech materials. A nested Latin square design was utilized to counterbalance the order of presentation for both BNL and RT. A two-factor within-subject design, 3 BNL (RC-30, RC-40, and RC-50) Â 5 RT (five scenarios from 0.4 to 1.2 s), was achieved by exposing each participant to all 15 acoustic conditions. One filler test set and acoustic condition was added to the beginning of each BNL condition as practice trials; these were not entered into analyses.
The study was approved by the Institutional Review Board at the University of Nebraska-Lincoln prior to recruitment. Participants each received a total of $100 through direct bank deposit or gift cards after completing all test sessions in the study.
C. Participants
A total of 117 listeners participated, 58 of whom were tested using speech materials produced by native talkers while the other 59 were tested using speech from nativeChinese-speaking talkers. Participants were recruited via flyers posted on the University of Nebraska at Omaha campus. Based on the native languages reported on the LEAP-Q items in the demographic survey, participants were categorized into three listener groups: (1) native American English speakers (NAE), (2) non-natives who speak native Mandarin Chinese (NNC), and (3) non-natives who speak native languages other than Mandarin Chinese (NNO). The native languages of the NNO listener group spanned a large variety, including Albanian (n ¼ 1), Arabic (n ¼ 2), Ewe (n ¼ 1),
It was later found that two listeners (one NAE and one NNC) were unable to complete the dual tasks simultaneously during the main experiment; they were thus removed from data analysis. The final number of participants was then 56 (26 female), who were tested with speech from native talkers. One NNO participant self-identified as a non-native English speaker but scored highly on the English proficiency tests, within one standard deviation of the proficiency scores among all native listeners. This participant's performance was later found to be an outlier in the speech comprehension performance among other non-native listeners as well. This participant's results were hence only included in statistical models that did not involve comparisons between listener groups. Besides two non-native listeners who reported extensive stays of 20 and 25 yrs in an English dominant community, the average length of immersion in an English-speaking community was 23.6 months (range ¼ 1-90 months).
For all participants tested with speech from the nonnative talkers, an additional talker familiarity screen was given during the initial screen to control for possible bias in speech comprehension due to talker voice familiarity since the Mandarin Chinese talkers were recruited from the same community. Among the 59 listener participants (31 female), the male talker was correctly identified only by one listener and the female talker by two listeners. Results from these particular listeners were further analyzed, but no particular bias was found. The average length of immersion in an English-speaking community was 78.1 months (range ¼ 2 to 564 months) for the non-native listeners in this subgroup. No outliers among these non-native listeners were identified as exhibiting exceptional English proficiency level or speech comprehension performance. 
III. ANALYSIS AND RESULTS
Prior to analysis, a transformation using rationalized arcsine units (or RAUs) (Studebaker, 1985; Sherbecoe and Studebaker, 2004) was performed on the percent correct data for the speech comprehension measure to adjust for normal distribution. The possible range of RAU scores is between À20 and 120. The speech comprehension scores in RAU were verified to conform to normality for the majority of the 15 acoustic conditions with non-significant Shapiro-Wilke tests. In the statistical analysis, a mixed-design multivariate analysis of covariance (MANCOVA) was conducted first to examine the room acoustic effects on both the speech comprehension and APR tasks together. Then, the MANCOVA was followed up by analysis of covariance (ANCOVA) using either speech comprehension or APR performance as the univariate dependent variable. In this paper, only ANCOVAs of speech comprehension are reported as these are of the greatest interest; details on the other statistical test results may be found in Peng (2014) . Assumptions of sphericity were confirmed for the speech comprehension scores in RAUs by checking that Mauchly's W was non-significant for BNL and RT in all ANCOVA and ANOVA models reported below.
A. Effects of BNL and RT with English proficiency score as a covariate ANCOVA models of the results from native talkers (N ¼ 56) and non-native talkers (N ¼ 59) were first analyzed separately, using BNL and RT as within-subject variables and composite English proficiency score as a covariate.
With speech produced by native talkers, English proficiency was a significant and strong predictor [F(1,54 It was hypothesized that speech comprehension performance decreases as BNL or RT increases. Therefore, planned comparisons were deemed appropriate using the lowest condition (RC-30 for BNL and 0.4 s for RT) as the reference level to identify a higher level, at which a significant performance deficit was observed. As seen in Fig. 3(a) , the results indicate that participants scored significantly higher in the RC-30 BNL condition than in RC-50 (Cohen' interactions were found. Also noteworthy is that no significant interaction was found between BNL and RT from either native or non-native talkers, suggesting no interdependence between BNL and RT on speech comprehension performance.
B. Effect of talker accent
To examine the effect of talker accent, a mixed-design ANOVA was fitted to the full dataset (N ¼ 114), with speech comprehension performance as the dependent variable. For independent variables, the new ANOVA model included two between-subject variables of listener group (NAE vs NNC vs NNO) and talker accent (NAE vs NNC) and two withinsubject variables of BNL and RT.
The ANOVA model revealed several significant main effects and interactions. The significant main effects included talker accent [F(1,108 
The speech comprehension deficit due to foreign accent was 11 RAU, or approximately 11% accuracy. For the significant interaction of talker accent Â BNL, planned comparisons showed that the comprehension deficit for the Chinese-accented talkers was significantly greater under the RC-50 than the RC-30 condition, p ¼ 0.001. This interaction is shown in Fig. 3 when comparing the downward slopes of the speech comprehension performance between native and non-native talkers. BNL, specifically the RC-50 condition, was more detrimental to the comprehension of non-native talkers for all listeners.
For the listener group main effect, pairwise comparisons using Tukey's HSD test revealed that differences between all possible pairs of NAE (M ¼ 85. The significant three-way interaction between RT Â talker accent Â listener group was slightly more difficult to interpret. Planned contrast comparisons revealed statistically significant differences between 0.4 versus 0.8 s (p ¼ 0.013) RTs and 0.4 versus 1.2 s (p ¼ 0.019) RTs. In Fig. 6 , the mean difference of speech comprehension performance between native and non-native talkers is plotted as a performance deficit for the three listener groups in the 0.4, 0.8, and 1.2 s RT scenarios. The deficit is calculated by subtracting the performance with Chinese talkers from the performance with native talkers, so that larger values indicate a larger detrimental effect from the non-native talkers. The significant three-way interaction suggests that the variations in performance deficit due to talker accent differed across listener groups. For instance, NAE listeners experienced a significantly greater performance deficit under 0.8 and 1.2 s than in the 0.4 s RT (pane labeled "NAE" in Fig.  6 ). For NNC and NNO listeners, the non-native accent did not incur a significantly greater performance deficit with increasing RT. NNO listeners experienced the greatest performance deficit among all three listener groups under all scenarios in RT.
C. Differences between listener groups
To investigate differences between listener groups, the full dataset (N ¼ 114) was divided into three subsets (i.e., NAE, NNC, and NNO) as described in Table II . An ANCOVA model was fitted separately to each listener group, with BNL and RT as within-subject variables, talker accent as a between-subject variable, and composite English proficiency score as a covariate. The effect sizes of BNL and RT on speech comprehension scores were compared empirically across the three listener groups. The effect size is commonly used to describe the predictor variable's strength on the dependent variable. In this paper, the effect size is expressed in g 2 p , calculated as the ratio of variance in the performance outcome explained by a single variable (BNL, RT, English proficiency score, or interactions) while controlling for all other independent variables. Only statistically significant main effects and interactions from the factorial ANCOVA are reported for the three listener groups.
As shown in Table III , English proficiency had a statistically significant main effect on speech comprehension performance with comparable effect sizes according to g across all listener groups. Talker accent was a significant and strong predictor of performance for both NAE and NNO listener groups, with worse performance for the nonnative talker. NNC listeners, however, were much less affected by the Mandarin Chinese accent; talker accent did not have a significant main effect on this listener group, suggesting a benefit due to having a matched accent with the talker.
The significant main effect of BNL on speech comprehension performance was observed in all listener groups. Based on g 2 p interpretations recommended by Cohen (1977) , the effect size is moderate for NAE listeners and strong for both NNC and NNO listeners. A significant and moderate main effect of RT on speech comprehension performance was only found for NNO listeners. In general, the comparison of effect sizes implies that the speech comprehension performance of native listeners is less impacted by BNL and RT than for the non-native listener groups.
NAE listeners are the only group to show a significant interaction between BNL and talker accent. The speech comprehension performance deficit from RC-30 to RC-50 was significantly greater for NAE listeners when listening to the non-native talker than for the native talker, as shown in Fig.  7 . This interaction is not significant for the NNC and NNO listener groups though, because those groups experienced a similar performance across BNL conditions with both the NAE and NNO talkers. In general, NAE listeners were also less affected by BNL and RT, with smaller effect sizes than the two non-native listener groups.
Comparing the effect sizes between the two non-native listener groups provides an opportunity to examine the benefit of having a matched accent with the talker for speech comprehension in background noise and reverberation. The main effect of BNL was both statistically significant and strong for both NNC and NNO listeners, as indicated by the similar g 2 p values of 0.37 and 0.44, respectively. However, the main effect of RT was statistically non-significant and weaker for NNC listeners with a lower g 2 p of 0.06 (within the small effect range), than for NNO listeners who show a statistically significant effect with g 2 p of 0.12. This suggests that NNC listeners were able to overcome the negative impact of RT when sharing the same native language with the talker, distinguishing them from their non-native peers in the NNO listener group. 
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IV. DISCUSSION
The investigations presented in this paper aim to address three research questions on the impacts of realistic adverse room acoustic conditions, talker accent, and listener native language on speech comprehension. The analyses and results provide evidence that first, after accounting for English proficiency, both BNL and RT negatively affect speech comprehension performance, even at levels found in realistic rooms which are at a higher SNR than tested in previous research. Second, as found by other researchers, foreign-accented speech negatively impacted speech comprehension relative to native-accented speech. However, foreign accent had different effects on speech comprehension performance with increasing BNL versus increasing RT. For RT, a significant drop in performance was observed at the 0.8 s RT condition compared to the lowest RT of 0.4 s when perceiving either native American English or native Mandarin Chinese talkers. For BNL, however, a significant performance drop occurred at a BNL level of RC-40 when perceiving non-native talkers, compared to a higher RC-50 for native talkers. Third, the speech comprehension performance of all listener groups was negatively affected by BNL, but the negative effect of RT was only found to be significant for non-native listeners who speak native languages other than Mandarin Chinese (NNO).
Two factors may potentially contribute to the improved ability among NNC listeners to suppress the negative effects of longer RTs, in comparison to the NNO listeners: either better English proficiency or an intelligibility benefit due to sharing the same accent with the non-native talkers. First of all, the two groups of NNC listeners tested with native and nonnative talkers did not significantly differ in English proficiency, as indicated in independent t-tests for the three English language tests (all p's > 0.05). Also, as shown previously, NNC listeners as a group scored lowest on the composite scale of English proficiency, eliminating the possibility of this group benefiting from a higher level of English proficiency. The results instead point to an intelligibility benefit of matched accent, so that the performance deficit due to a Chinese-accented talker was smaller for NNC listeners than for NNO listeners, as shown in Fig. 6 . Indeed, the performance of NNC listeners under adverse reverberation was similar to native listeners, while that of their other non-native peers (NNO listeners) suffered. The benefit gained by NNC listeners having a matched accent with the non-native talker in the tested acoustic conditions does not appear to be large enough for them to exceed the performance in perceiving native talkers. However, in this investigation, the NNC listeners still benefited in perceiving foreign-accented speech in reverberation by sharing the same accent with the non-native talkers, although such benefit was not available to other nonnative listeners who had a mismatched accent.
As seen in the effect size comparison on the full dataset, BNL had a much stronger detrimental effect on speech comprehension performance than RT, particularly for those who were less proficient in English. Furthermore, adverse acoustic conditions affected the speech comprehension performance of native and non-native listener groups differently. Higher BNLs were equivalently detrimental to both nonnative listener groups, as indicated by the similar effect sizes for the main effects. Non-native listeners with no matched accent benefit were more adversely affected by increasing reverberation than native listeners. The interaction between BNL and RT was not found to be significant in any of the factorial models tested, suggesting that the impact of these acoustic conditions on speech comprehension performance are independent from each other.
The levels of BNL and RT that produced significant deficits in speech comprehension performance can furthermore FIG. 7 . Two-way interaction between talker accent (native vs non-native) and BNL on speech comprehension performance plotted individually for listener groups NAE, NNC, and NNO. Error bars indicate one standard error.
be identified from the results of this study to provide supplementary guidelines for the design of spaces where speech communication is important, depending on the Englishspeaking skills of the occupants. For BNL, when compared to the lowest condition of RC-30, significant deficits in English speech comprehension were identified at RC-50 for native-accented speech and at RC-40 for non-nativeaccented speech. This observation held for both native and non-native listeners. For RT, significant performance deficits occurred at 0.8 s for both talkers with and without a Mandarin Chinese accent, when compared against the lowest 0.4 s scenario. However, this observation was only true for non-native listeners and did not hold for native listeners who were able to comprehend speech equivalently well across all tested RT scenarios. Conservatively then, RT and BNL design criteria are recommended at the level below which significant comprehension deficit was first observed, as summarized in Table IV .
The different impacts of BNL and RT on comprehending native versus foreign-accented speech by native and non-native listeners may lie in the top-down and bottom-up processes in speech processing (Zekveld et al., 2006 (Zekveld et al., , 2009 . In top-down processing, listeners actively search for their internal representation of the target words or sentences to match the incoming speech stimuli. In bottom-up processing, listeners parse out meaning from the amount of information contained in the degraded speech.
Reverberation, noise, and foreign accent are all sources of speech degradation in this investigation. When the incoming native speech stimuli are masked in reverberation, the temporal fine structure provides "glimpses" into usable information from the modulation for listeners to achieve release from masking which lead to improved speech comprehension (Gnansia et al., 2008) . Naturally, native listeners outperform the non-native listeners in both top-down and bottom-up processing due to better language proficiency. It is speculated that the native listeners benefited from recovering information effectively from these glimpses in the reverberant conditions. As a result, the negative effect of RT was not apparent for them up to the highest RT tested of 1.2 s, unlike non-native listeners who performed worse at conditions above RT of 0.6 s. However, louder background noise conditions do not provide such glimpses, so no additional information can be retrieved by the native listeners to capitalize on such processing. Both native and non-native listeners performed significantly worse above the same BNL.
In understanding speech with foreign accent, lowering BNL improves comprehension by reducing the overall intensity of spectral masking due to the broadband noise used in this study. However, it seems that increasing modulation glimpses by lowering RT did not provide the same amount of additional resources as it did for native speech, even for native listeners to gain enough release from masking to counter the negative effect of foreign accent. As a result, the recommended design guideline only varies for BNL but not RT between including native and non-native talkers in the classroom.
V. CONCLUSION
In this investigation, the effects of BNL, RT, and talker accent on speech comprehension by native and non-native listeners have been examined. Using laboratory-controlled experiments, a total of 15 acoustic conditions comprised of three BNL conditions (RC-30, RC-40, and RC-50) and five RT scenarios (from 0.4 to 1.2 s) were created to simulate realistic classroom acoustic environments. To measure listeners' performance when exposed to these acoustic conditions, a dual-task paradigm was adopted for testing speech comprehension and an APR (dot-tracing) task simultaneously. Speech comprehension was tested using the same experimental design, but different talkers (native American English vs native Mandarin Chinese) for recording the same speech comprehension materials in English, to study the effect of talker foreign accent.
Based on the results, recommended design criteria for BNL and RT have been proposed for spaces in which speech communication is important, as summarized in Table IV , beyond which adult listeners began to experience significant performance deficits on the speech comprehension tasks. A matched accent benefit was identified for non-native listeners who share the same native language as a non-native talker. Sharing the same native language helped non-native listeners overcome the negative effects of reverberation on speech comprehension performance, to be on par with that of native English listeners.
The recommended values for BNL and RT provided in Table IV are not stricter than those listed in the existing ANSI S12.60-2010 classroom acoustics standard (i.e., 35 dBA BNL and 0.6 s RT), but this research was conducted on normal-hearing adults, for whom the speech materials were expected to be relatively easy to comprehend. More investigation is needed to determine what values are suitable for non-native English-speaking children; children have generally been shown to require better acoustic conditions than adults to achieve similar speech perception performance (Yang and Bradley, 2009) . Further subjective testing could use additional BNLs with finer resolution, as well as lower values of BNL (below RC-30) and RT (below 0.4 s), to further improve the recommended guidelines. Future work is also recommended to verify the results from this research using simulations from other locations in the classroom (e.g., side and back of the room), which exhibit lower interaural crosscorrelation due to the proximity of reflecting surfaces.
In conclusion, designers should be aware of the linguistic diversity among occupants in when designing for classroom acoustics. Depending on whether non-native English speakers exist among listeners and talkers, more stringent acoustic requirements may be necessary to attain optimal speech comprehension performance.
